Abstract: Yang-Mills theory can be formulated for any semi-simple Lie-algebra, and thus any semi-simple Lie-group. In principle, the dynamics could be different for each one. However, functional studies predict that the propagators in Landau gauge depend only quantitatively on the gauge algebra. In particular, genuine non-perturbative effects should be present even in the large N -limit for su(N ) gauge algebras.
Introduction
Yang-Mills theories are gauge theories of (semi-)simple Lie-algebra valued gauge fields A a µ , governed by the Lagrangian [1] 
where the f abc are the structure constants of the chosen gauge-algebra. The coupling constant g determines, in four dimensions via dimensional transmutation, in other dimensions directly, the scale of the theory. The gauge field themselves belong to the adjoint representation of the gauge algebra. It is always possible to formulate Yang-Mills theories in terms of group-valued variables. However, at face value all group representations for a given gauge algebra would provide the same dynamics on the level of the gluon fields. E. g., for the case of the su(N ) algebra, a representation in terms of the groups SU(N ) and SU(N )/Z N must be equivalent. This is trivial so, as both representations differ only by group-elements, the center, which leave the gauge fields themselves invariant: Center transformations act as identity transformations on the gluons. However, though the dynamics is necessarily the same, it is of course possible to construct group-valued quantities, which will not be the same in both cases, e. g., Polyakov loops 1 . Such constructions become even even more important when the theories are formulated on a non-trivial space-time manifold, like a torus in lattice gauge theory or at finite temperature in equilibrium. Anomalies due to matter fields can restrict the possible group representations further. In case of the standard model actually the only permitted group representation of the gauge algebra su(3)×su (2) ×u (1) is S(U(3)×U (2)). This yields the unbroken gauge group SU(3)/Z 3 ×U(1) of the electrostrong interactions and the broken SU(2)/Z 2 of the weak isospin [2] .
However, the dynamics could be very different for different gauge algebras. In perturbation theory, this is evidently not the case: The different algebras only manifest themselves in different coefficients of the expansion, without altering qualitatively the behavior [1] . In particular, for any Lie-algebra Yang-Mills theories are (in four dimensions) renormalizable with the same number of independent renormalization constants, and are all asymptotically free. This property is not remaining beyond perturbation theory. E. g., the order of the finite-temperature phase transition depends on the chosen gauge algebra, as already the comparison of su (2) and su (3) in terms of the groups of SU (2) and SU(3) shows [4] : In one case the transition is second order, in the other first order. Also the bound state spectrum is different due to algebraic reasons. E. g., su (2) is not having negative chargeconjugation-parity glueball bound states due to the existence of real representations, while su(3) possesses this type of bound states [5] .
As soon as matter fields in any representation are coupled to the theory the behavior can even change totally. Even asymptotic freedom is no longer guaranteed if a sufficient number of additional matter fields in appropriate representations are added to the theory. This much more complicated problem will not be treated here, and only the pure Yang-Mills case will be studied.
The main focus of interest here is whether the gluons show different behavior for differing gauge algebras. This will be investigated using lattice gauge theory, by implementing particular gauge groups, and utilizing the gauge-dependent gluon correlation functions. This complements investigations of gauge-independent quantities, like the glueball spectrum [6] , string tensions [7] , or the thermodynamic properties [8] [9] [10] [11] . The advantage of investigating the gauge-dependent correlation functions is that they can be assembled to obtain gauge-invariant quantities, see e. g. [12] [13] [14] , in analogy to perturbation theory. This is an approach which can be applied even were pure lattice calculations are yet restricted, like the chiral limit [12, 13] , cold and dense matter [14] [15] [16] , or cases with disparate characteristic scales [12] . Analyzing the group-dependence of the correlation functions is then an important input to improve the systematics of the approach and of the assumptions made.
Since the properties of gluons are gauge-dependent this has to be done in a fixed gauge. This will be chosen here to be the Landau gauge. In the non-perturbative domain this is not a sufficiently precise definition of the gauge due to the presence of Gribov-Singer copies [17, 18] . For the present purpose the minimal [19] or average-B [20] Landau gauge as the sub-type of non-perturbative Landau gauges will be chosen. However, since the calculation of large gauge-algebras becomes exceedingly expensive when it comes to gauge-fixing, only rather small volumes will be studied. For these volumes, a significant effect of Gribov copies for the gluon is not expected, and only a moderate effect for the ghost [20] [21] [22] .
Furthermore, due to the numerical costs for the calculations, here only the case for two and three dimensions will be investigated, and only the propagators will be determined. In case of the gauge groups SU (2) and SU(3) also comparisons in four dimensions have been performed [23] [24] [25] [26] [27] . These showed no essential differences in both cases 2 . As this agrees with the findings here, it is conceivable that also the results for other gauge groups can be translated from lower dimensions to four dimensions, though this conjecture requires confirmation. The set of groups covered here is SU(2), SU(3), SU(4), SU(5), SU(6), and G 2 .
The ladder of SU(N ) groups permits to investigate also the possibility to which extent at fixed 't Hooft coupling λ = g 2 N the results show a simple dependence on N with increasing N . Indeed, many results on gauge-invariant quantities seem to indicate such a behavior, see e. g. [4] [5] [6] [28] [29] [30] . All of these quantities have a genuine non-perturbative origin, and require confinement as well as strong interactions for the bound states to exist [30] , and therefore indicate that the large-N limit is non-perturbative. This is to be expected, already based on Haag's theorem [31] , irrespective of whether the possible range of possible g values, and therefore of λ, is N -dependent or not. Here, evidence will be provided that the gauge-dependent correlation functions are essentially independent of N at fixed λ, confirming that the large-N limit is highly non-perturbative, but exhibiting a simple scaling with N , indeed in this case a trivial one.
The motivation to study G 2 is different. Since all realizations of the g 2 algebra have a trivial center, many arguments based on degrees of freedom sensitive to the center of the gauge group do not apply [11, 32] . Nonetheless, the dynamics of G 2 gauge theories appears to be quite similar to theories with a center [10, 11, [33] [34] [35] [36] [37] . This observation will also be confirmed here. To understand this result and its implications is therefore helpful to identify the relevant effective degrees of freedom in gauge theories. In a sense, since g 2 has a rather different group-theoretical structure, it tests the extreme case of choosing a different gauge algebra. The investigation of G 2 Landau-gauge propagators here extends previous studies [33] .
The insensitivity on the gauge group and the non-triviality of the N → ∞ limit are actually not a surprise, and have been pointed out in functional calculations [38] [39] [40] . These arguments will be rehearsed in subsection 2.3. In the corresponding section 2 also other aspects of the continuum theory will be discussed. However, calculations using functional methods involve truncations, and therefore the results have to be tested. This is the main aim here, to test these predictions using the complementary approach of lattice gauge theory. The setup for these lattice calculations is given in section 3 and 4. The results, demonstrating indeed a qualitative gauge-group independence, are given in section 5. A short summary will be provided in section 6.
2 The asymptotic gauge-group dependence
Setup
Continuum (Euclidean) Yang-Mills theory in (perturbative) Landau gauge is formulated as the Lagrangian
Herein are c a (c a ) the (anti-)ghost field, and the index a on both fields counts the dimensionality of the adjoint representation of the gauge group.
To complete the gauge non-perturbatively, it is necessary to chose between nonperturbative realizations [17, 18] . Arguments have been provided that this can be done by imposing conditions on certain correlation functions [20, 21, 41] , e. g. on the ghost propagator [20, 41] . However, this issue is not yet fully settled, see [42] for a status report.
Here, for the sake of simplicity, it will be assumed that the construction of [20, 41] is indeed possible. Then, a gauge choice can be made such that the ghost dressing function p 2 D G (p), where D G is the ghost propagator, is infrared singular. This permits a simpler calculation when using functional equations below. A similar line of argumentation can be expected to hold also in photon-ghost gauges, where p 2 D G (p) is chosen to be finite, though this has yet to be done explicitly. For the lattice calculations presented in section 3, it can be expected that the choice of non-perturbative Landau gauge is not relevant for the gauge-group dependence, in particular due to the limited volumes accessible. Therefore, the numerically much cheaper minimal or average-B Landau gauge is used [19, 20] , which belongs to the class of photon-ghost gauges.
One possibility to obtain from the Lagrangian (2.1) the propagators are the DysonSchwinger equations (DSEs) [12] . Keeping all color indices and the structure constants explicit, the Dyson-Schwinger equations are form-invariant for all gauge groups. In particular, only the structure constants f abc do appear. Additional structure constants, like the symmetric one d abc , being zero for most gauge groups [43] , do not appear explicitly in the DSEs. Of course, the full Green's functions can develop such contributions.
The explicit derivation of the DSEs is discussed in great detail elsewhere [12] . Only two particular limits will be of interest here. One is the far infrared limit, and the other the far ultraviolet limit. In the latter case, the equations generate (resummed) perturbation theory.
The following discussion is presented for completeness, and to emphasize the role of the gauge group. It follows previous presentations of the subject [39, 40] .
The far ultraviolet
There is a qualitative difference between four-dimensional and lower-dimensional systems: Irrespective of the gauge group neither in two, nor in three dimensions any physical renormalization occurs 3 .
In four dimensions the propagators behave at large momenta to leading order like
where ω and δ depend on the gauge group, but have the same sign for all gauge groups, and Λ YM is the scale generated by dimensional transmutation. In two and three dimensions, however, the propagators depend only polynomial on the momentum. In particular, no resummation occurs to leading order in g, and only starting from next-to-leading order such effects appear [45] . Hence, the propagator take at large momenta the form
in three dimensions and
in two dimensions, just on dimensional grounds. C A is the adjoint Casimir of the gauge group, defined by
The constants of proportionality c depend only on the underlying space-time manifold.
In three dimensions they take the value 11/64 for the gluon propagator and 1/16 for the ghost propagator. In two dimensions infrared divergencies appear, which make a somewhat ad-hoc regularization necessary 4 . This already implies that non-perturbative contributions will appear which will provide such a regularization. It turns out that this is due to an infrared suppression, compared to tree-level, of the gluon propagator [47] [48] [49] [50] . This makes the results convergent. Hence, already in perturbation theory the gluon (and ghost) propagator differ for the different algebras. E.g., the leading order perturbative coefficient changes by the ratio of the adjoint Casimir operator from gauge algebra to gauge algebra in two and three dimensions. However, the momentum dependence to first order stays the same. Therefore, perturbatively, the gauge algebra dependence is only quantitative. Note that the perturbative expansion does not depend on the chosen group representation of the algebra.
The far infrared
For the sake of simplicity the argument why the gauge-algebra dependence in the nonperturbative domain should also be only a quantitative rather than a qualitative effect, the following discussion will be done in a scaling-type gauge [20, 41] . This section essentially follows the line of arguments of [40] . The situation in a photon-ghost gauge [41, [51] [52] [53] [54] , like the one used for the lattice calculations, will be discussed below.
Here, only the leading infrared contributions will be retained, a truncation discussed extensively elsewhere [41, 47, 48, 50, [55] [56] [57] [58] . This truncation requires to keep only terms up to one-loop, which include at least one ghost line. Therefore, also the gluon tree-level term can be dropped self-consistently. The equations then read
where d is the dimensionality, D G is the ghost propagator, D µν is the gluon propagator, Z 3 is the possibly finite ghost wave function renormalization, and Γ ccA,abc ν is the full ghostgluon vertex. The latter is undetermined at this level of the truncation, and will be set to its bare counterpart. For SU (2) and SU(3) this appears to be an even quantitatively good approximation [49, 59, 60] , and is at least self-consistent for arbitrary gauge groups [56] [57] [58] 61] . If an additional color-tensor proportional to the symmetric color tensor d abc would appear, this would get lost due to the contraction with the antisymmetric tree-level vertex. Hence, at least the leading infrared part will have for neither propagator color offdiagonal elements. Only at two-loop order, and thus infrared and ultraviolet sub-leading, this could happen. The results on the lattice presented in section 5 and most accurate in this intermediate energy domain show that this is not the case.
Taking the propagators to be of the form
it is possible to absorb the remaining tree-level term in (2.5) by implementing the boundary condition [41] of an infrared divergent ghost dressing function, i. e., setting 1/B = 0 in the language of [20] . The integrals can then be performed analytically to yield
The expressions I G and I Z are functions depending solely on the exponents κ and t, and the structure of the underlying space-time manifold, symbolized by the dependence on d, and can be found, e. g., in [48] . Counting powers of momentum yields the relation
The remaining consistency condition
implies that the exponents are only depending on the space-time manifold, but not on the gauge algebra: At this level, the fact that the propagators behave like a power-law and the value of the exponent is independent of the gauge algebra. A dependence on the gauge algebra can only be induced if the ghost-gluon vertex would be different from the tree-level version, and at least quantitatively dependent on the gauge algebra. However, as long as a solution to (2.8) exists with κ ≥ 1/2, this would only affect the numerical value of the exponent, but not the qualitative behavior of the propagators 5 . This yields the conjecture of the qualitative independence of the infrared behavior of the propagators of the gauge algebra.
The pre-factors are, however, gauge-algebra dependent by virtue of the equation
This gives the further prediction of a scaling relation with the adjoint Casimir in the far infrared
In particular, in the 't Hooft limit [62] of su(N ) Yang-Mills theory the left-hand side of (2.10) must be a constant as a function of the number of colors N . Hence, A G and A Z must both scale in some way as a function of g 2 C A to ensure (2.10). However, if the 't Hooftlimit is taken, both A G and A Z must either compensate their respective scaling behavior, or must be individually independent of N . The latter behavior is indeed observed in the lattice calculations later, notably in two dimensions where a scaling behavior is manifest. This implies that the effective coupling, given by [39] 
will be essentially independent of the gauge algebra, and any dependence can only be introduced by the experimental input α(µ 2 ), which cannot be fixed inside the theory. Note that the propagators are still non-trivial in the N → ∞ limit, and their properties are not obtainable by perturbative calculations in the planar limit. Nonetheless, the nonperturbative planar limit of the Dyson-Schwinger equations is sufficient to obtain this result. The failure of perturbation theory in the large N -limit is expected, as argued in the introduction. However, the fact that a non-perturbative planar limit of the DSEs is sufficient for the asymptotic infrared behavior is a non-trivial result. This actually generalizes to the DSEs for any Green's functions [55] [56] [57] [58] . Note that also the all-order power-counting analysis [56, 57] of DSEs and the exact renormalization group equations still obey the gauge-algebra independence trivially.
Hence, at this level neither κ nor g 2 C A A 2 G A Z receive any 1/N corrections in the large N -limit. Any dependence of these quantities on N therefore indicate N -dependent vertex corrections.
When moving to the photon-ghost case, the situation is less simple to access. In this case, at low momenta all diagrams contribute equally [45, 51, 53, 63, 64] to the effective gluon screening mass and the effective ghost wave-function dressing. In particular, the twoloop diagrams, which contain four-gluon vertices, potentially provide an equally important contribution. By this, further dependencies on further invariant tensors of the gauge algebra may appear. However, this is again not a qualitative effect, since the infrared behavior is not altered, but it can be quantitatively significant. However, the lattice results below suggest that such quantitative effects are comparatively small.
Lattice formulation
The standard Wilson action [65] 
is valid for any Lie-group, provided the link matrices U µ , building the standard plaquette U µν , are given in the fundamental representation of the group used to represent the gauge algebra. N F is then the dimension of the fundamental representation, and the sum is over all plaquettes. The bare coupling constant g is encoded in the constant β as
where a is the lattice-spacing. In the implementation employed here, the fundamental representation for the SU(N ) groups has been taken from [66] , and for G 2 the Macfarlane representation [67] has been used. N F takes then the values 2 to 6 for SU(2) to SU(6), and 7 for G 2 , respectively.
A significant problem in comparing the results for various gauge groups are the potentially different scales [33] . This can be solved most easily by expressing all quantities by dimensionless ratios. An alternative is setting the string tension to the same value, here chosen conventionally to be (440 MeV) 2 . In this case all quantities are expressed effectively in units of the string tension. It is then possible to select also the same physical volume by choosing the same extension in lattice units and β such that for all gauge groups the physical volumes in units of the string tension agree. However, for d ≥ 3, the asymptotic string tension in case of the gauge group G 2 vanishes [32] . Nonetheless, an intermediate string tension, which is also used for setting the scale in case of the gauge group SU(N ) 6 , is non-vanishing [11, 69] , and will be used here for this purpose.
Unfortunately, even a direct measurement of the intermediate distance string tension is difficult and nontrivial in three and higher dimensions, because various corrections to the string tension are present. The values for SU(N ) have been taken from [70] 7 . For G 2 similar results in three dimensions are by now available in [37] , and agree reasonably with Table 1 . The β values used in the simulations, together with the corresponding values of a and g for a string tension of (440 MeV) 2 . N is the size of the largest available volume in lattice units. P is the value of the plaquette from this volume. Note that in two dimensions the same value of the string tension implies the same value of the plaquette. Of course, this would require precisely matching β values. Here, an agreement to two digits in a was taken to be sufficient. (8) the estimation procedure described in [33] , which was used here. In two dimensions, the string tension is determined by direct measurements, which reproduces the known results for SU(2) [71] , and supports the method of [33] for G 2 . Still, a quantitative comparison between the different gauge groups makes only sense for inherently dimensionless quantities, like the infrared exponents, as the value of the string tension is arbitrarily set to the same value. Hence, only qualitative statements for dimensionful quantities are sensible. Note that this might even affect the determination of the volumes. The selected values for β, and the corresponding values of a and g, are given in table 1. Since the coupling is the only unique dimensionful quantity in these theories, it would be equally well valid to set it to some fixed value, say 1 GeV, and determine by this Table 2 . The number of configurations for the various systems investigated. The number of configurations is given for the various gauge groups. Swe. is the number of sweeps between two consecutive measurements, and Ther. is the number of initial thermalization sweeps. Note that always multiple independent runs have been performed to obtain the final statistics. The latter was selected to obtain the ghost exponent with a statistical accuracy of 10% at the 1σ-level, computational resources permitting. High and low in the β column corresponds to the higher and lower β value for the different gauge groups. An empty field indicates that no measurements have been performed for this gauge group at this volume and β value. V is the physical volume and N the lattice extension. The data for SU(2) are taken from [21] . (4) SU (5) 3  1140  114  1045  30  41  25  2 Low 56  10  660  66  6564  4611  853  491  19  2 High 112  10  1220  122  3524  10  2 Low 68  12  780  78  1011  1694  342  87  2 High 136  12  1460  146  2179  2 Low 80  14  900  90  1048  274  115  38  2 High 150  13  1600  160  1066  2 Low 104  19  1140  114  1032  50  48  28  2 Low 112  20  1220  122  2250  45  2 Low 136  24  1460  146  1981  2 Low 150  27  1600  160  2238 condition a. As the values in table 1 indicate, this would modify the scales by up to 50%. Configurations are then obtained by a mix of heat-bath and overrelaxation sweeps. This has been done for SU(2) as described in [72] . For SU(N > 3), heat-bath updates have been performed using the Cabibbo-Marinari method [73] with 3, 6, 10, and 15 SU(2) subgroups for N = 3, 4, 5, and 6, respectively, according to [33] . Between two heatbath sweeps five overrelaxation sweeps have been performed. In the case of G 2 , heat-bath updates have been performed according to the method presented in [10] and detailed in [11] , and overrelaxation sweeps according to [33] . This has been done in both, two and three dimensions. The number of configurations are given in table 2 and 3 for two and three dimensions, respectively. Once an equilibrated configuration is obtained, it is still necessary to fix it to the Landau gauge. This is done by minimizing the functional (see, e.g., [19] )
where {U µ (x)} is a thermalized lattice configuration, and the sum is over all links. This leads to the so-called minimal [19] , or average-B [20] , Landau gauge. In principle, for comparison to the results of section 2.3, it is necessary to fix to the non-perturbative version of the Landau gauge which exhibits scaling, if such a gauge indeed exists [42] . For the volumes available here for SU(N > 2), this appears to be just a quantitative effect in the SU(2) case for the actual propagators [20, 21] , and only slightly modifies the volume dependence. For the purpose here, investigating the changes with the gauge group, these effects are sub-leading at the present volumes, and therefore the much cheaper minimal Landau gauge is sufficient. However, it is not known yet, whether the differences between the various Landau gauges is stronger for gauge groups different from SU (2) . Studies in four dimensions with SU(3) do not suggest so [74] . Hence, this will be assumed henceforth. In particular, it will be assumed that a qualitatively similar result for the gauge-group dependence in minimal Landau gauge for the volumes investigated here implies the same qualitative behavior in other Landau gauges as well. It is then sufficient to fix to the minimal Landau gauge. For SU(2), this is done using stochastic overrelaxation with adaptive parameter adjustment [72] . For the other gauge groups, only the standard overrelaxation step has to be modified compared to the one in SU(2). This can be done by overrelaxing all SU(2) subgroups, in the same manner as for overrelaxation sweeps during the generation of configurations, in particular the same number of subgroups. For SU(3) the procedure is described in [75] , and can straightforwardly be generalized to higher values of N . For G 2 this is described in [33] . The quality of the gauge-fixing is monitored using the quantity e 6 , defined as [19] 
where {g(x)} represents the gauge transformation applied on the link variables U µ (x), the symbol + indicates Hermitian conjugation, N is the lattice side of the symmetric hypercube, d is the space-time dimensionality, e µ is a positive unit vector in the µ direction and τ c are the generators of the algebra. This quantity is a more reliable measure of the gauge-fixing quality than just the transversality itself [19] . Furthermore, it is found that the same limit of e 6 corresponds to a much better fulfillment of the transversality condition with increasing number of generators. Therefore, the restriction on e 6 for achieving the gauge-fixing can be taken somewhat lower for G 2 and SU(N > 2) than for SU(2), corresponding still to a better level of transversality on the average. The limits adopted here are 10 −12 for SU(2) and 10 −11 otherwise.
Propagators
The determination of the propagators proceeds in the same way for all gauge groups. The gluon propagator is given by the correlation function
with the momentum-space lattice gluon field defined as
Here the components p µ of p have the integer values −N/2 + 1 , . . . , N/2 . After contracting (4.1) with a transverse projector and a unit matrix in color space, the scalar part of the gluon propagator is given by
where
The components of the physical momenta are given by
Results will be presented as a function of the magnitude of the physical momentum p = |P |/a (in GeV). Note that the continuum gluon propagator is obtained by the product β a 2 D(k), since the lattice quantity β/a d−2 A a µ (x) yields the continuum quantity A a µ (x) in the formal continuum limit a → 0. In the same limit, β a d+2 A a µ (p) converges to the continuum momentum-space gluon field A a µ (p). Thus, for any dimension d, the lattice quantity β a 2 D(k) converges to the continuum gluon propagator in momentum space, independently of the gauge group.
The ghost propagator is given by
where M ab (x, y) is the Faddeev-Popov operator, defined in the continuum as
On the lattice in Landau gauge this operator is a matrix defined by its action on a scalar function ω b (x) as [76] 
where c is a constant depending on the normalization of the generators of the gauge algebra. The evaluation of the Fourier transform of the inverse operator
with p = −q requires a matrix inversion, which has been performed for all gauge groups using the point source δ ac (δ x0 − 1/N d ) [77] . Independent of the gauge group the FaddeevPopov operator M ab (x, y) is symmetric and positive. Hence, in practice the matrix inversion has been performed using a conjugate-gradient method [72] . Fortunately, the larger the number of generators the smaller is the extensive statistical noise induced by using a point source instead of a plain wave source. However, better accuracy is required in the inversion process such that the spectrum of the Faddeev-Popov operator is positive with an increasing number of generators. Otherwise negative eigenvalues are encountered as numerical artifacts, which become positive when increasing the accuracy [78] . This procedure is ambiguous with respect to the sign of the resulting propagator (or of the eigenvalues) [72] . Thus, the sign has to be assigned by hand, and is fixed by comparing the propagator at large momenta to perturbation theory. Finally, the color-averaged ghost propagator is then defined as
One particular question is whether it is sufficient to investigate the color-averaged propagators (4.3) and (4.8). For SU (2) , this is the case [49, 72] , and is not surprising due to the vanishing of the symmetric structure constants. For other gauge groups, there is no reason why this should be the case. In the next section, it will be shown that this justified.
Results

Propagators
The initial check is whether the color-off-diagonal propagator elements indeed vanish, as this was a necessary precondition for the analysis of section 2.3, and is a general assumption in functional studies. The first results are therefore for the color off-diagonal, but Lorentzstructure averaged, gluon propagator in figure 1 in two dimensions and in figure 2 for three dimensions, for the various gauge groups. In both two and three dimensions and for all gauge groups the results are, within statistical errors, in agreement with a zero result. The gluon propagator is thus color-diagonal, at the very least for the lattice settings studied here. The corresponding result for the ghost propagator is shown in figure 3 for two dimensions and in figure 4 for three dimensions. Once more, for all gauge groups the off-diagonal elements are consistent with zero, in agreement with the arguments of section 2.3.
This supports corresponding assumptions in functional calculations of all types. Note that this is not necessarily implying a simple color-structure on the level of the vertices [79, 80] . To some extent, this is an expected result, as off-diagonal color elements could be indicative of the breaking of the residual global color symmetry, which would be unexpected. However, note that it is currently unclear whether in the minimal Landau gauge the corresponding charge can be well-defined for a photon-ghost behavior [81] . The results for the color-diagonal gluon propagator is shown in figure 5 for two dimensions and in figure 6 for three dimensions.
In two dimensions, for all gauge groups, the gluon propagator is infrared suppressed, Off-diagonal ghost propagator for G Figure 3 . Same as in figure 1 , but for the ghost propagator.
compared to tree-level. In fact, for sufficiently large volumes it is also stronger suppressed than the one of a massive particle, as expected from section 2.3 and the previous results for SU (2) alone [25, 49] . Furthermore, the relevant scales, expressed in units of the string tension, turn out to be essentially the same for all gauge groups: The maximum occurs at about half a GeV, and the height of the maximum is between two and three inverse GeV 2 . Also, in all cases the effects of the violation of rotational symmetry are rather small. The infrared suppression observed is in all cases also sufficient to cure the infrared problems encountered in perturbation theory, making all integrals in the Dyson-Schwinger equations, or elsewhere, well-defined.
In three dimensions, only in the SU(6) (and possibly the G 2 ) case an explicit maximum is not visible, although the finite-volume effects for all gauge groups demonstrate explicitly that D(0) has still not settled on its infinite-volume value. Hence, the existence of a maximum at larger volumes for the group SU(6) appears likely. Furthermore, for the same volume for all other gauge groups also no maximum is visible. Hence, the qualitative turn-over structure seems to agree for all gauge groups in three dimensions. The results for the ghost dressing function are shown in figure 7 for two dimensions and in figure 8 for three dimensions.
In two dimensions again there is no qualitative, and little quantitative, difference be- Propagator Group d a
SU (2) tween all gauge groups. The ghost dressing function is in all cases infrared enhanced, and compatible with being infrared divergent. Also, the effects of violation of rotational invariance are once more rather small. Furthermore, the ghost dressing function is for all gauge groups monotonous for the complete momentum regime. Thus, as in case of the gluon propagator, the similarity between the various gauge groups holds also beyond the asymptotic regimes discussed in section 2.
In three dimensions, in all cases, the dressing function is infrared enhanced. In case of SU(2), substantial evidence exists that this enhancement is not a divergence, and the ghost dressing function becomes finite at very small momenta [24] , despite its apparent strength. Since the propagators for the other gauge groups are similar to the one of SU(2) at equivalent volumes, though less strongly enhanced, they will likely become also finite at larger volumes. Nonetheless, the main result here is that these ghost dressing function are qualitatively very similar, and the influence of the gauge algebra on the ghost propagator at these volumes is therefore only quantitative.
Asymptotic behavior
Ultraviolet behavior
The first interesting question to be established is whether the universality at large momenta obtained perturbatively in higher dimensions also holds in two dimensions. For this it is necessary to obtain the leading perturbative corrections to the tree-level value. This is done by fitting the data for both propagators above 2 GeV and for the volumes used in the figures of section 5 and the larger β value for momenta along the diagonal with the form
The results of these fits are given in demonstrating the existence of a Landau pole also in two dimensions. Using instead of 2 GeV 4 GeV as the starting point for the fit results in a slight increase in the value of a, but at the expense of a larger statistical error. A similar results is found for the ghost propagator, though the value is now closer to 3/10. Altogether, the results show that the perturbative behavior in two dimensions follows the expected pattern of gauge algebra dependence.
To compare how well this approximates the leading-order behavior also the results for three dimensions are given and compared to the leading-order result. For the gluon propagator, the deviation is sizeable 8 , but still not dominant. The agreement is slightly but not drastically improved when starting to fit at 4 GeV instead.
For the ghost propagator, the leading-order approximation essentially breaks down at 2 GeV, and is not much better at 4 GeV. The results, which therefore include higher-order corrections, still show an approximate scaling proportional to g 2 C A with the gauge-group, showing that even sub-leading corrections are pre-dominantly of this type, rather than having more complex dependencies on the gauge algebra.
Note that despite these differences the propagators above 2 GeV are almost completely dominated by their tree-level behavior. Even with the enhancement in the ghost case, the leading-order corrections at 2 GeV amount only to a 15-20% effect. Without it, it is only a 5% effect.
Infrared behavior in two dimensions
As shown in figures 5 and 7, the propagators exhibit for all gauge groups a behavior which is similar to the SU(2) case in approximately similar volumes. Therefore, a fit with the ansätze (2.6) and (2.7) can be performed, as described in [49] . This yields volumedependent effective exponents. They are shown in figure 9 for the various gauge groups.
The curves for the gluon exponent are rather similar, and the small differences could easily be dominated by the uncertainties in the comparison of the scales. In particular, the value of the exponent at large volumes appears to be rather insensitive to the gauge group.
The same observations pertains to the ghost exponent. In general, the value of the exponent is in agreement between all gauge groups, and seems to be consistent with the same value in the infinite-volume limit. With the rather larger statistical errors, this cannot be finally settled Note that in both cases these evolution statements can only be made under the assumption that the assigned volume scale is indeed in rough agreement between all gauge groups. Therefore, the most important statement is that the infinite-volume limit seems to be in agreement, as expected from the discussion of section 2.3. This also implies that gauge-group-dependent corrections to the low-momentum behavior of the ghost-gluon vertex are likely small and of quantitative nature only. This is in agreement with investigations of the ghost-gluon vertex for SU (2) and SU(3) in four dimensions using lattice gauge theory [59, 60] , as well as with functional studies [61] .
Although not in all cases the fitted gluon exponents have yet reached a stable value as for SU(2), a maximum is already visible in all cases. If the gluon propagator is to vanish in the infinite-volume limit in two dimensions, then the value of it at zero momentum is predicted to behave as a power of inverse volume [83] . This is indeed the case for all volumes investigated here, as can be seen in figure 10 . In fact, for all gauge groups the gluon propagator vanishes like the same inverse power of V . This inverse power is of the same size as it would be expected on the basis of finite volume corrections obtained in functional calculations [49, 83] . Figure 11 . The coupling (2.11) for the various gauge groups in two dimensions. Always the results for the largest volume with the low β value (crosses) and the high β value (full circles) are shown. In addition, to assess discretization effects, also the result for the lower β-value, which has a volume most closest to the result for the higher β value shown, is presented as well. The final quantity to be evaluated is the effective running coupling, which is given in (2.11). The results for the various gauge groups are shown in figure 11 . Not for all gauge groups sufficiently large volumes are available to identify the existence of an infrared plateau, as is possible for SU (2) . However, the approximate value is in all cases about the same, and thus, if at all, there is only a weak dependence of the effective coupling in the infrared on the gauge group.
Infrared behavior in three dimensions
In three dimensions in minimal Landau gauge the behavior of the propagators change to a photon-ghost behavior at a momentum of order a few dozen MeV [24, 25] , though still at momenta much smaller than in four dimensions [23] [24] [25] . Ultimately, therefore, in minimal Landau gauge the gluon propagator resembles the one of a screened particle and the ghost propagator becomes photon-like. Still, this critical momentum is lower than accessible in most cases here. Only for SU (2) , this momentum is just so reached. But since such momenta are currently almost not accessible for most gauge groups, and the intermediate low-momentum behavior appears to be power-like for all groups, this will be investigated here. Since in this intermediate momentum range a scaling-like behavior is expected [41] , the analysis of section 2.3 can be applied with an infrared cutoff [83] . As a consequence, the behavior of the propagators in this intermediate range should again be universal, i. e., independent of the gauge algebra up to trivial 't Hooft scaling. This will be checked here.
Taking thus the low-momentum forms (2.6) and (2.7) as fit ansätze, the effective, volume-dependent exponents can be determined. These are plotted in figure 12 . At least for SU (2) and SU(3) the gluon exponent becomes smaller than -1 for the given volume, i. e., at least for some momentum range the gluon propagator decreases faster than would be expected from a screened particle behavior. Of course, in much larger volumes this exponent increases again towards -1. Furthermore the volume-dependence of the effective exponents is once more the same for all gauge groups, as is expected from the presence of the scaling window. However, quantitatively, there is some difference in the ghost case for the gauge groups. In addition, the gluon propagator at zero momentum should decrease with volume for a certain range of volumes, like a power-law. This is indeed the case, as can be seen in figure 13 . Finally, it is worthwhile to also investigate the effective coupling. The results are shown in figure 14 . Again, the behavior is also quantitatively rather similar. In all cases, the coupling is infrared suppressed, as is expected in any case. However, the maximum can be compared to (2.9). Since the highest value reached is more or less similar this implies that the maximum scales approximately like (2.9). The difference between SU(2) and the remaining groups maybe connected with the fact that the peak is here at about 400 instead of 500-600 MeV. There, again, some scale uncertainty may be involved.
Hence, also in three dimensions, the asymptotic behavior at low momentum follows in an intermediate volume window a scaling-type behavior, as is expected independently of the far infrared behavior. Even without investing this information, the result is that the same pattern emerges for all gauge groups, and thus even quantitatively the effects of the different gauge algebras are small. Furthermore, the behavior is in all cases not compatible with perturbation theory at low momenta, nor do non-perturbative contributions seem to diminish with N . Thus it is likely that even in the limit of N → ∞ non-perturbative effects dominate the infrared behavior of the correlation functions, at least for momenta below g 2 C A .
Of course, this is exactly as it would be expected when topological configurations, contributing with an essential singularity in the coupling constant, dominate the lowmomentum behavior. There is evidence for this [84] [85] [86] [87] [88] , so this behavior is not in disagree- ment with this possibility.
Summary
Summarizing, the propagator in two and three dimensions are qualitatively, and actually also quantitatively when measured in units of the string tension, very similar, for the gauge groups SU(2), SU(3), SU(4), SU(5), SU(6) and G 2 , and thus for the corresponding gauge algebras. In particular, no pronounced dependence on N is observed for the approximately fixed value of g 2 C A used here. Hence, the dominating contribution in the mid-momentum regime and at low momenta are of order O(1) in terms of N counting. In particular, for all N the propagators show a behavior which is distinctively non-perturbative. Furthermore, the results are compatible with predictions for the gauge-group dependence expected from functional calculations. In particular, the deep infrared remains the same for any gauge group.
These results emphasize that for properties of Yang-Mills theories on the level of gluonic correlation functions the specific gauge algebra is qualitatively, and to some extent even quantitatively, rather irrelevant. Only when matter is coupled to the Yang-Mills field dynamically the gauge algebra structure becomes quite relevant (see e. g. [89] ). Of course, even for pure Yang-Mills theory the gauge algebra is important for some quantities, e. g., the order of the finite-temperature phase transition.
